Introduction {#s1}
============

Development of liver cirrhosis (LC) due to chronic hepatitis, including ones of viral etiology, remains a main cause or mortality worldwide. According to the World Health Organization (WHO), LC is responsible for 1.8% of the total number of fatal outcomes in Europe, accounting for approximately one in 700,000 cases *per annum*.[@b1]

Currently, liver transplantation remains the only effective therapeutic strategy available for the treatment of these patients, but due to the lack of donor organs, it is not always a possibility.

Therefore, the development of new therapies, such as cytotherapy, is necessary. By late 2012, there were more than 170 clinical trials registered evaluating the use and efficacy of bone marrow stem cells therapeutically in the pathological progression of liver disease. The results were favorable,[@b2] and the total number of such studies has increase to more than 400 by the middle of 2014. Many of these studies examine the therapeutic potential of mesenchymal stem cells (MSC). Given the low immunogenicity of MSCs and their ability to pointedly migrate, MSCs have recently become the focus of intensive research aimed at the application of such cells for stimulating reparation of various tissues, including the liver. Clinical trials examining the use of MSCs demonstrated their high tolerance rate, safety, positive therapeutic effect, and reduction of total mortality rate.[@b3]--[@b7]

Here, we conducted a prospective pilot clinical study to evaluate the effect of autologous bone marrow-derived mesenchymal stem cells (BMSC) implanted into the liver parenchyma during fibrogenesis/fibrolysis and regeneration in the liver tissue of patients with hepatitis C virus (HCV)-related LC.

Methods {#s2}
=======

This trial protocol was approved by the Committee for Ethics of "The Republican Research and Practical Center of Pediatric Oncology and Hematology". In total, six patients (three males and three females, mean age of 44.5±2.7 years) with HCV-related LC of Class B and C (after Child-Pugh) were recruited for this study. All patients underwent general clinical and biochemical blood analyses and ultrasound examination of abdominal organs. Also, blood markers of hepatitis viruses (hepatitis B surface antigen (HBsAg), anti-HCV, HCV RNA)) were evaluated and puncture liver biopsy (PLB) was performed. All patients signed informed consent prior to participation in the study. The study design is presented in [Table 1](#t01){ref-type="table"}.

###### General design scheme of the study

  ------------------------------------------------------------------------------------------------------------------------------------
  Visit I                                 Visit II                                   Visit III
  --------------------------------------- ------------------------------------------ -------------------------------------------------
  *n*=6\                                  *n*=6\                                     *n*=6\
  PLB\                                    Treatment at the out-patient department\   Evaluation of therapeutic results; 6^th^ month\
  Intraparenchymal introduction of BMSC   Dynamic evaluation within 5 months         PLB

  ------------------------------------------------------------------------------------------------------------------------------------

Patients were followed for up to 6 months after BMSC implantation. At follow-up, clinical assessment and laboratory tests were done and PLB was performed at 6 months after the transplantation.

Preparation the autotransplant of the BMSC {#s2a}
------------------------------------------

The autotransplant of the BMSCs was prepared essentially as previously described.[@b1],[@b8] One modification to minimize the possibility of contaminating blood cells with viral infection was comprised of a triple wash of the surface of the vial containing adhesive cells 48 h after beginning of cultivation of mononuclear cells of bone marrow. Mononuclear cells were isolated from bone marrow obtained from patients under anesthesia by puncture in the amount of 60 mL 33--45 days prior to the scheduled infusion of BMSC. It was stored at a concentration of 1--2×10^6^/mL in vials until further cultivation in a CO~2~ incubator. BMSCs were developed with several passages *in vitro* in Iscove\'s Modified Dulbecco\'s Medium (IMDM) with 10% fetal calf serum (FCS) (Sigma, St. Louis, MO, USA), 2 mML-glutamine, and the addition of 10^-4^ M of 2-mercaptoethanol in order to reach the required volume (dependent on patient body weight). The cells, removed from the surface of culture vials of the final passage, were washed in physiological solution twice and transferred into 5 mL of NaCl for infusion to the patient. Attributes of the BMSCs obtained by this were confirmed by the presence of the surface markers CD105+, CD90+, and CD73+. BMSCs from each passage were evaluated for their sterility.

To evaluate cell viability, the latter were stained with 0.4% trypan blue. Coefficient of vital capacity of cells (percentage of the total number of counted cells) was computed.

Choice of transplantation technique {#s2b}
-----------------------------------

BMSCs (5 mL suspension, 1×10^6^/kg of body weight, 1 mL in each of five spots) were intraparenchymally introduced under ultrasound control. Advantages of this technique include its relative safety, BMSC effects upon definite sections of the organ, ability to exclude cell homing outside the hepatic tissue (important for objectivity), and ability to accurately interpret results obtained with morphological study of biopsy materials taken from the treated hepatic area.

Criteria for evaluation of transplantation efficacy rate {#s2c}
--------------------------------------------------------

IHC-applied biopsy samples of the liver were fixed in a 10% neutral formalin solution and covered with paraffin using a routine technique. Samples were probed with commercial antibodies for CD34+ and α-SMA (Dako, Denmark).

0.05 M Tris buffer (pH 7,4) (Serva) with saponin (0.01%) was used as a base fluid. Sections were deparaffinized in xylol, rehydrated in descending concentrations of the alcohol battery, and then washed in distilled water. Antigen unmasking was performed in a microwave oven for 7 minutes at 800 W, and then 15 minutes at 400 W, buffer solutions pH 6.0 and 9.0 were used. Endogenous peroxidase was blocked by 3% H~2~O~2~ for 30 minutes. A solution of 1% FCS was applied for 30 minutes to block nonspecific binding of antibodies onto the surface of a slice preparations. Incubation with the primary antibody was performed for 30 minutes. EnVision (Dako, Denmark) was used as an imaging system, diaminobenzidine (Dako, Denmark) at a concentration of 1 mg/mL with the addition of H~2~O~2~ (0.02% solution) was used as a chromogen. Samples were placed in xylol for 1 minute, then stained with Mayer\'s hematoxylin (Sigma, USA).

For a morphometric study the micropreparations were photographed in five and/or six visual fields (the lens of 40), and in 10 visual fields (the lens of 100) at a resolution of 1798×1438 pixels by a microscope digital camera Leica. The area of the visual fields was 298.47\*238.71=71,247.77 μm^2^ (increase by ×40) and 113.53\*98.29=11,158.86 μm^2^ (increase by ×100), respectively.

The prevalence of fibrosis (CD34, α-SMA) was assessed by semiquantitative method: 1 point meant slightly pronounced (immunoreactiveness of cells is in the single sinusoidal lobes); 2 points meant moderately pronounced (immunoreactiveness of cells is about half of sinusoidal lobes); 3 points meant strongly pronounced (immunoreactiveness of cells is most sinusoidal lobes).

Biopsy materials were visualized at the ultrastructural level using electronic microscopy (EM). EM studies were performed on liver biopsy samples sequentially fixed in 1% osmium tetroxide and 2.5% glutaraldehyde (both made in 0.1 M Millonig).[@b9] Ultrathin (35×10^−9^ m) sections were contrasted with 2% uranyl acetate in 50% methanol[@b10] and Pb citrate (as described in Reynolds).[@b11] EM preparations were studied under a JEM-1011 (JEOL Ltd., Tokyo, Japan) electronic microscope at 10,000--40,000 zoom with an accelerating voltage of 80 kW. The images were photographed with the Olympus MegaView III (Shinjuku, Japan) digital camera.

Statistics {#s3}
==========

Descriptive statistics are shown as mean ± SD and median values with interquartile range. Unpaired Student t-tests. Variables with p 0.05 were considered statistically signifcant. Statistical analysis was performed using STATISTICA 6 software.

Results {#s4}
=======

We evaluated the morphological features of liver biopsy samples to determine degree of activity and stage of chronization. In addition, we estimated the activation rate of microblasts by measuring the expression of alpha-smooth muscle actin (α-SMA) and CD34+ (a measure of the phenomenon of "capillarization" of sinusoids) using immunohistochemistry (IHC). Efficacy rate was ascertained at 6 months after transplantation. In order to evaluate the effectiveness of the treatment, dynamic of clinical (complaints and objective status of patients) and laboratory (levels of urea, creatinine, albumin, cholesterol, bilirubin, alanine aminotransferase (ALT), aspartate aminotransferase (AST)) tests were studied.

All patients enrolled in the study had LC with no ascites, peripheral edema, or bleeding signs. Splenomegaly was registered in all patients. Ultrasound examination of the hepatobiliary system confirmed the presence of cirrhosis of the liver and intrahepatic portal hypertension. In four patients, there was slight jaundice. Two patients had a history of ascites and encephalopathy. All patients had normal levels of urea, creatinine, albumin, and cholesterol in blood tests. Clinical data for all patients are presented in [Table 2](#t02){ref-type="table"}.

###### Clinical data of all patients before and after MSCs injection

  Features           Before transplantation   1 month after transplantation   6 month after transplantation
  ------------------ ------------------------ ------------------------------- -------------------------------
  Gender                                                                      
   • male            3 (50%)                  3 (50%)                         3 (50%)
   • female          3 (50%)                  3 (50%)                         3 (50%)
  General weakness                                                            
   • presence        6 (100%)                 0 (0%)                          0 (0%)
   • absence         0 (0%)                   6 (100%)                        6 (100%)
  Jaundice                                                                    
   • presence        4 (67%)                  2 (33%)                         2 (33%)
   • absence         2 (33%)                  4 (67%)                         4 (67%)

One month after BMSC transplantation, the general condition of patients improved. After 1 and 6 months, jaundice was absent in four (67%) patients. After 6 months, functional hepatic indices were improved, *i.e.* decrease of ALT and AST activity and bilirubin level. However, there was no statistically significant difference in these levels (*P*\>0.05). Morphological studies of liver biopsy samples before therapy and 6 months after transplantation revealed activation of fibrolysis and regeneration of hepatocytes ([Fig. 1](#f01){ref-type="fig"}--[4](#f04){ref-type="fig"}, a case of LC in patient D).

![Capillarization of sinusoids.\
(A) Before BMSC transplantation: pronounced capillarization of sinusoids. IHC: CD34+. ×400. (B) 6 months after BMSC transplantation: slightly pronounced capillarization of sinusoids. IHC: CD34+. ×400.](JCTH-2-217-g001){#f01}

![Activation of miofibroblasts.\
(A) Before BMSC transplantation: moderately pronounced. IHC: α-SMA. ×400. (B) 6 months after BMSC transplantation: slightly pronounced: IHC: α-SMA. ×400.](JCTH-2-217-g002){#f02}

![Condition of mitochondria of hepatocytes.\
(A) Before transplantation of BMSC: Mitochondria are atypical in shape, have reduced cristae, condensed matrix, desquamation of outer membrane, and formation of blisters. ×10000. (B) 6 months after BMSC transplantation: Mitochondria are numerous in number, hypertrophied, with diffuse localization, polymorphism, divisible, and with multiple cristae. ×10000.](JCTH-2-217-g003){#f03}

![Nuclei of hepatocytes.\
(A) Before transplantation. Nucleus of hepatocyte is rounded. Margination of chromatin. Compact nucleolus with predominantly fibrillar component. Hydropic degeneration in cytoplasm of a hepatocyte. ×10000. (B) 6 months after BMSC transplantation: Nucleus of hepatocyte is oval. Nucleolus is predominantly with granular component. ×15000.](JCTH-2-217-g004){#f04}

None of the patients demonstrated any complications due to BMSC transplantation or during the follow-up period.

Discussion {#s5}
==========

This study included patients with HCV-related liver cirrhosis and intrahepatic portal hypertension. Liver disease in these types of patients is progressive and may not be treated with interferon because of the risk for decompensation.

Clinical trials with BMSCs have demonstrated improvement of general well-being in patients with decompensated liver cirrhosis.[@b5],[@b26],[@b27] However, the question remained, what is happening in the liver to improve its function? Therefore, we investigated mechanisms underlying how autologous BMSCs can help resolve existing fibrosis. We utilized not only clinical and laboratory evaluation methods, but also comprehensively assessed the morphology of liver biopsies (using light and electron microscopy, IHC). Autologous MSCs from patient bone marrow were selected as the graft material. Transplantation directly into the liver tissue was chosen because of the high probability of graft exposure.

We found at 1 and 6 months after transplantation a number of positive clinical and laboratory trends: improvement in the overall health of patients (no complaints), decline in bilirubin, ALT, and AST in the biochemical analysis of blood. However, the difference in these was not statistically significant. We suspect that these improvements were due to structural changes in the liver tissue. Previously, we had reported similar structural changes in patients with chronic hepatitis due to HCV.[@b28]

We comprehensively evaluated liver biopsies with electron microscopy and IHC, and found that MSCs influenced both fibrolysis and regeneration. The electron microscopy data demonstrated that LC patients administered BMSCs exhibited intracellular regeneration processes. Morphological features determine recovery in the function of hepatocytes, which was verified by improvement of laboratory parameters. We believe that using a "from structure to function" approach has many advantages for the evaluation of chronic liver disease after transplantation of BMSC. These include the objectification of results, the ability to identify the logical relationship occurring in parenchymal and non-parenchymal compartments, and the ability to explain many pathological mechanisms that mediate the observed clinical signs in patients with liver cirrhosis.

Persistent inflammation and fibrogenesis in liver tissue are dynamic processes. Regeneration and fibrolysis follow the elimination of inflammation and the reduction of hepatic stellate cell (HSC) activation. These events lead to the degradation of newly formed EMPs, causing regression of fibrosis and regeneration processes in hepatocytes.

Previously, it had been shown that BMSCs lead to reorganization of the parenchymal and nonparenchymal liver compartments, remodeling of the ECM, and limiting the progression of liver fibrosis.[@b18],[@b19] Recently, it was demonstrated that BMSCs interact with HSC, where cases of viral damage were the main source of fibrillar collagens and other EMPs of fibrous tissues. Experimental studies have shown that BMSCs caused a multiple synergic effect on the condition and functional activity of HSC, *i.e.* to inhibit activated cells, to prevent their new activation, and/or to modulate the effects of HSC.[@b2],[@b20] Mechanistically, this is due to the paracrine effect of BMSCs via interleukin-10 (IL-10), tumor necrosis factor alpha (α-TNF), and hepatocytic growth factor. It was also established that activated HSCs themselves could secrete IL-6, thereby inducing secretion of IL-10 by mesenchymal cells and favoring dynamic interaction of cells within the established microenvironment.[@b21] Multiple researchers have reported on the ability of BMSCs to prevent the shift of HSCs from the dormancy stage to the active one ("preventive" effect of BMSCs). Consistent with this, *in vitro* studies (co-culture of BMSCs and HSCs) have found that the number of HSCs at the G0 stage of the cell cycle was increased while that in the S-stage tended to decrease.[@b22] At the same time, reducing inflammation severity and the number of HSCs can aid in the regeneration of hepatocytes.

Autologous cells of stromal origin were used in our study because BMSCs, which belong to the mesodermal embryonic blastema, are capable of differentiating into cells of tissues originating from the endodermal (liver, pancreas, urinary tracts) embryonic blastemae.[@b12]--[@b14] One of the challenges of a vast application of BMSC was overcome by the fact that those cellular elements could be easily isolated from bone marrow and their number could be easily enlarged under rather uncomplicated cultivation conditions. Thus, upon cultivation of BMSCs in medium containing specific stimulators of differentiation of hepatic cells or upon their joined cultivation with hepatocytes (such markers of hepatocytes as c/EBPβ and HNF4α transcription factors), the cells began to acquire a polygonal shape and the ability to secrete albumin and α-fetoprotein.[@b15]--[@b17]

Transplanted BMSCs can avoid immune control, and they demonstrate immune-modulating and antiinflammatory activity via the paracrine effect of BMSCs and the intercellular interaction between BMSCs and immune cells.[@b6],[@b7] However, the mechanism underlying the effect of BMSCs on liver regeneration and how to apply these aspects to the treatment of LC require additional verification. Although controversial, there is some evidence suggesting that BMSCs in hepatic tissues may acquire a myofibroblast phenotype and secrete molecules displaying profibrogenic activity.[@b23]--[@b25]

From our perspective, it is important to use autologous BMSCs because it has several important advantages. This approach avoids certain ethical constraints, eliminates the need for additional prescribing of immunosuppressant after transplantation. The best responses from BMSC transplantation may be achieved in those patients who previously suppressed virus replication and were at an earlier stage of disease progression (chronic hepatitis, but not liver cirrhosis).

Study limitations: There are a number of limitations of our study. These include a small number of patients, short duration of the follow-up period, and a single procedure for BMSC transplant.

Conclusions {#s6}
===========

Intraparenchymal transplantation of autologous BMSC improved functional condition of the liver, stimulated reparative processes in hepatocytes, and decreased EMP count in hepatic tissues of patients with LC. As shown in our study, this transplantation methodology was well tolerated and was not associated with any complications both during and after the BMSC transplant procedure.
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